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Abstract 
We developed a modified fire effect model for representing the psychological pressure caused by the flame and smoke. Then, we 
applied the developed model on FDS+Evac to analyze the evacuation characteristics. When the developed model is used, the 
evacuees are distributed further away from the fire because the evacuees change the movement direction to evacuate safely. 
Therefore, the modified fire effect model is more reliable than the Helbing’s model because some evacuees are move through the 
fire source when the Helbing’s model is used. However, the additional studies are required for improving the reality of the 
modified fire effect model. 
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1. Introduction 
The evacuation models can be categorized into macroscopic, microscopic, and mesoscopic models according to 
the modeling method used for the evacuees (Helbing (1998)). Most of evacuation models which are categorized as 
microscopic and mesoscopic models use the Helbing’s movement model (Helbing et al. (2000)), because the 
Helbing’s movement model can estimate the evacuation characteristics with consideration of the interactions 
between the evacuees and the environment. Therefore, recently, the microscopic and mesoscopic models are more 
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developed than the macroscopic model, because these models can accurately predict the evacuation characteristics 
in terms of the behavioral characteristics of evacuees (Klupfel et al. (2000); Langston et al. (2006); Hamacher and 
Tjandra, (2002)).  
However, the psychological anxiety caused by the fire is not included in the Helbing’s movement model. 
Therefore, the additional models are required for considering the fire effects on the evacuation characteristics. Jin 
(1978) suggested the relation between the extinction coefficient and the walking speed by performing the 
experimental study in the low smoke density condition (below 1.14 1/m by extinction coefficient). Recently, 
Frantzich and Nilsson (2003) performed the experiments with the extension of the smoke density range. They also 
suggested the linear relationship between the extinction coefficient, from 2 to 8 1/m, and walking speed. Puser (1995) 
suggested the Fractional Effective Dose (FED) model which is represented as the toxic effect of CO gas and the 
hypoxia due to the lack of oxygen; he also suggested the criteria for life or death outcomes of the evacuees. 
However, those models do not consider the psychological anxiety caused by the fire, because those are focused 
only on the physical capacity. Therefore, despite that the evacuees are change the evacuation route when they are 
confronted with the smoke or moving through the lower visibility region (Proulx and Fahy (2008)), the simulation 
results which are estimated by the Helbing’s movement model and physical effect models are unrealistic such as that 
evacuees are moving through the fire source and toward the lower visibility region. Therefore, Bae and Ryou (2014 
a; b, submitted) suggested the mathematical models for considering the psychological anxiety from the smoke and 
fire source. However, they did not consider the complex effects from the smoke and fire source.  
Hence, we developed a modified fire effect model for representing the psychological anxiety experienced when 
the evacuees are in the fire situation. Then we applied the modified fire effect model on FDS+Evac, which can 
simulate the fire and evacuation simultaneously. We then analyzed the evacuation characteristics such as the 
evacuation time, the walking speed and direction, and the psychological anxiety. 
2. Evacuation models 
2.1. Helbing’s movement model 
The Helbing’s movement model estimate the walking velocity of evacuees by considering the motive force, 
interaction forces between the evacuee and others, and interaction forces between the evacuee and obstacles. The 
Helbing’s movement model is represented as (Helbing et al., 2000) 
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where, xi(t) is the position vector of the evacuee, ȟi(t) is a small random force, vio(t) is the desired walking speed 
of evacuee, vi(t) is the estimated walking velocity of the evacuee, and fsoc, fcont, and fatt are the social force, contact 
force, and attraction force, respectively. 
2.2. Modified fire effect model 
For considering the psychological anxiety experienced when the evacuees are confronted with the smoke and 
move through the smoke, the psychological anxiety from the smoke is converted into the force which affect to the 
walking velocity of the evacuees. When the evacuees are confronted with the smoke, they would find a reliable 
route for evacuating safely. They then change their evacuation path if the new evacuation route is safer than the 
original route. Also, while the evacuees are moving through the smoke, they find a way to escape the smoke region. 
Therefore, we divided the psychological anxiety from the smoke into outside and inside the smoke region.  
When the evacuees are outside the smoke region, we assumed that the psychological anxiety from the smoke 
depends on the distance between the evacuees and the smoke. Also, the formula for the psychological anxiety from 
the smoke is assumed as similar with the mathematical model of social force. With these assumptions, the 
psychological anxiety outside the smoke region is modeled as (Bae and Ryou (2014 b)) 
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where, dis is the minimum distance between an evacuee and the smoke region, nis is the unit vector pointing from 
the smoke boundary to an evacuee, and Sis is the maximum value of the psychological anxiety from the smoke (see 
Fig. 1 (a)). For generating the change of evacuation direction against the motive force, represented as the first term 
on right hand side in equation (1), the maximum value of the human-smoke interaction force is specified as 125 N, 
which is similar to the average motive force. 
Also when evacuees move through the smoke, they get into the panic because the visibility is decreased in smoke 
region, they then show a chaotic behavior to get out of the smoke region (Helbing et al. (2000)). That is, the 
evacuees change their evacuation direction to the outside of smoke region. Therefore, we assume that the 
psychological anxiety from the smoke acts uniformly to the nearest boundary of the smoke region. With this 
assumption, the psychological anxiety in the smoke region is modeled as  
smo
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For considering the psychological anxiety experienced when the evacuees are confronted with the fire source, the 
psychological anxiety from the fire source is converted into the force as like the psychological anxiety from the 
smoke. The psychological anxiety from the fire source is mathematically modelled by using intensity and the 
gradient of the radiation generated by the fire source. The gradients of the radiation around an evacuee are 
calculated with respect to all directions (+x, -x, +y, -y), we then use the average values in each directions for 
modelling the direction of the psychological anxiety from the fire source. Using these mathematical modellings, the 
psychological anxiety from the fire source is modelled as  (Bae and Ryou (2014) a)) 
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where, Įr is the coefficient of the psychological anxiety from the fire source, qÚrҰ, øqÚrҰ are the intensity of the 
radiation and the gradient of the radiation around an evacuee, respectively. In this study, the coefficient of the 
psychological anxiety from the fire source is set-up as 0.05 ms for changing the walking direction before the 
evacuees get into the threshold value of radiation intensity (Jin 2002). Fig. 1 (b) shows the method for calculating 
the angle between the walking direction and the psychological anxiety from the fire source. 
Now, we develop a modified fire effect model for considering the complex effects from the smoke and fire 
source. The modified fire effect model is formed as summation of psychological anxieties, and represented as  
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Fig. 1. (a) Definition of the psychological anxiety from the smoke; (b) definition of angle between the walking direction and the psychological 
anxiety from the fire source; (c) computational domain for simulation. 
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Table 1. The number of the evacuated evacuees through the both of exits. 
 Bottom exit Right exit 
Case 1: Helbing’s movement model 28 19 
Case 2: Modified fire effect model 18 29 
 
Finally, we modified the Helbing’s movement model with the modified fire effect model, eq. (5).  
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(6) 
2.3. Simulation conditions 
Fig. 1 (c) shows the computational domain for the fire and evacuation simulation. An arbitrary space which as 
dimensions 24 m(L), 16 m(W), and 2.4 m(H) is used for the simulation. The fire size is set to 2 MW, considering the 
maximum heat release rate of a small upholstered chair (Quintiere (1998)). The fire growth rate is ignored for 
maximizing the smoke generation and spreading.  
Forty-seven adult males are positioned along the left and top side wall of the computational domain (see Fig. 1 
(c)), so all evacuees are influenced by the smoke during evacuation. All evacuees start to evacuate immediately after 
the fire occurs at the center of the computational domain. The exits are located at the center of the bottom side and 
the right side, and all evacuees move to both exits selectively. 
3. Results and discussions 
Table 1 lists the evacuated evacuees through both of exits. As listed in table 1, the number of evacuees who are 
evacuated through the bottom exit is decreased from 28 to 18, as the modified fire effect model is applied in the 
movement model. As shown in fig. 2 (a), when the Helbing’s movement is used only for predicting the evacuation 
characteristics (case 1), 10 evacuees are moving around the fire source because the evacuees move through the 
predetermined path which is estimated by the potential flow of the computational domain. These evacuees will die 
with the severe burns because they are moving through the region which is above the threshold value of radiation 
intensity. That is, unrealistic result is predicted because the psychological anxiety from the fire is not considered in 
the Helbing’ movement model. However, as shown in fig. 2 (b), when the modified fire effect model is used for 
predicting the evacuation characteristics (case 2), the evacuees who are moving around the fire source in case 1 
change the evacuation route for avoiding the fire source and the smoke region. Also, 7 of them show the complicated 
movement around the threshold value of radiation intensity because they change the evacuation route due to the 
social forces from others and psychological anxiety from the fire source.  
 
 
Fig. 2. The evacuation route predicted (a) by Helbing’s movement model; (b) by modified fire effect model. 
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Fig. 3. The visibility in the computational domain (a) 8 second; (b) 12 second; (c) 16 second. 
 
Fig. 4. The distributions of the evacuees at (a) 8 second; (b) 12 second; (c) 16 second (closed: Helbing’s model, opened: modified model). 
Fig. 3 shows the visibility in the computational domain at 8, 12, and 16 second. As shown in Fig. 3, after 8 second, 
the visibility around the bottom exit is decreased below 2 m. On the contrary, the visibility around the right edit is 
maintained relatively higher than bottom exit until 16 second. In this situation, people should change the evacuation 
route to the higher visibility region for evacuating safely. Therefore, the evacuation routes which are predicted by the 
modified fire effect model are more reliable than the Helbing’s movement model. 
Fig. 4 shows the distributions of the evacuees at 8, 12, and 16 second. As shown in Fig. 4, when the modified fire 
effect model is used for predicting the evacuation characteristics, the evacuees are distribute further away from the 
fire because they change the movement direction to evacuate safely. Especially, as the modified fire effect model is 
used, the evacuees are crowded along the wall around both of exits where are low visibility regions (Fig. 3). By 
comparison with the distributions around the both of exits, the modified fire effect model is more reliable than the 
Helbing’s movement model, because people use the wall as the guidance to the exit in low visibility condition 
(Ronchi et al. (2013)). 
4. Conclusions 
In this study, we modified the movement model for considering the psychological anxiety from the fire. We then 
applied the modified fire effect model on FDS+Evac to analyze the evacuation characteristics. The conclusions are 
as follows: 
 
1. When the modified fire effect model is used for predicting the evacuation characteristics, the evacuees 
change the evacuation route for avoiding the fire source and smoke region. From the result of visibility in the 
computational domain, the evacuation routes which are predicted by the modified fire effect model are more 
reliable than the Helbing’s movement model. 
2. Also, some of them show the complicated movement around the threshold value of radiation intensity, 
because they influenced by social force and psychological anxiety from fire. That is, the psychological 
anxiety when the evacuees are confronted with the fire is well considered by applying the modified fire effect 
model. 
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3. The reliability of the fire effect can be improved by applying the modified fire effect model. However 
additional studies for determining a more reliable psychological factor of the evacuees are required for 
improving the reality of the modified fire effect model. 
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